Aberrations due to the electrostatic lenses of a negative ion accelerator for a neutral beam injector and the space charge effect are theoretically investigated. A multi-stage extractor/accelerator is modeled and the aberration coefficients are numerically calculated using the eikonal method, which is conventionally used in electron optics. The aberrations are compared with the radii of a beam core with good beam divergence and a beam halo with poor beam divergence. H − beamlet profile measurements give the 1/e radii of the beam core and beam halo of 5.8 mm (beam divergence angle: 6 mrad) and 11.5 mm (beam divergence angle: 12 mrad), respectively. When the beam divergence angle of the beam core is 5 mrad and the beam energy is 406 keV, the aberrations due to the electrostatic lenses are less than a few millimeters, thus are less than the radii of the beam core and beam halo. The geometrical aberrations due to the space charge effect (negative ion current density: 10 mA/cm 2 ), however, are estimated to be much larger than the radius of the beam halo. Although the aperture radii of the grids are not taken into account in this estimation, the results indicate that the space charge effect is an important factor in the aberration or beam halo in a negative ion accelerator.
Introduction
A negative ion-based neutral beam injection system (N-NBI system) is a promising candidate for plasma heating and current drive of fusion reactors such as the international thermonuclear experimental reactor (ITER). ITER requires the N-NBI system to provide high power neutral beams with a beam energy of 1 MeV and beam power of 50 MW using three injectors [1] [2] [3] [4] .
A negative ion source/accelerator that can produce negative ion beams with high current and power is the key component for the N-NBI system. Negative ion beams with a beam energy of 1 MeV, beam current of 40 A, and beam current density of 20 mA/cm 2 are required for the ITER-NBI [1] [2] [3] [4] . To suppress the geometrical loss of negative ion beams and heat loads in the beamline, NB duct, and injection port, it is essential to accelerate the negative ion beams with good beam optics.
As for the H − beam optics, Holmes et al. measured the H − ion beamlet produced with a pure volume source, and reported that the profile consists of two Gaussian portions-a beam core with good divergence and a beam halo with poor divergence [5] . H − ion beamlet profiles with these two Gaussian portions were confirmed with the 400 keV negative ion accelerator [6, 7] . In the ITER-NBI, the beamlet is also considered to consist of the beam core author's e-mail: kmiyamot@naruto-u.ac.jp (< 5 mrad) and beam halo (> 15 mrad), and the ITER-NBI is designed on the basis that the power fraction of the beam halo is estimated to be 15% of the total beam power [8] .
It is well known that the effects of aberrations degrade the charged particle beam optics. Generating aberrations is inevitable when the charged particle beams are extracted, accelerated, transmitted, and focused with electrostatic and magnetic fields. For charged particle optical instruments in the field of the electron microscopes and focused ion beam systems, aberrations degrade the focused beam spot, limiting the spatial resolution of these instruments. Therefore, in developing of the charged particle optical instruments, many authors have studied the aberrations due to the electrostatic lens, magnetic lens, and space charge effect [9] [10] [11] [12] [13] [14] [15] [16] [17] .
In the ITER-NBI design, there is no specification for an acceptable level of aberration. However, very little is known about the aberrations in the negative ion source/accelerator for the N-NBI system. In fact, the aberrations arise from the electrostatic lenses, magnetic lenses produced by the magnetic filter and permanent magnets for electron suppression, the plasma-beam boundary, and the space charge effect. Moreover, the aberrations are considered to be one of the reasons for the beam halo. As described above, although the beam halo was verified experimentally in the H − beamlet profile [5] [6] [7] , its physical mechanism is not clear. The main purpose of the present study is to investigate the aberrations in the extractor/accelerator theoretically. This paper focuses on aberrations due to the electrostatic lenses and the space charge effect. The well-known eikonal method [17] [18] [19] [20] [21] is used to calculate these aberrations, and the calculated aberrations are discussed quantitatively by comparing them with the radii of the beam core and beam halo, as reported in Refs. [6, 7] .
This article is constructed as follows: the calculation models for the electrostatic potential, negative ion beam trajectory, and aberration are described in Sec. 2: the calculation results are shown and discussed in Sec. 3: and a summary is given in Sec. 4. Figure 1 shows a cross-sectional view of the extractor and accelerator for the present model. Figure 1 (a) shows an overall view of the extractor and accelerator and Fig. 1 (b) shows a magnified view of the extractor. The extractor and accelerator are multi-aperture and multi-stage types. Negative ions are extracted and accelerated electrostatically.
Calculation Model
The extractor consists of a plasma grid (PG) and an extraction grid (EXG), which have the same structure as the extractor of the negative ion source for ITER-NBI. In order to extract negative ions with good beam optics, the PG and EXG are shaped to produce convergent electrostatic lenses in the extractor. Permanent magnets are embedded in the EXG to suppress the electrons extracted along with negative ions. These magnets produce the magnetic lens. In the present model, this magnetic lens is not taken into account.
The accelerator consists of a first acceleration grid (A1G), second acceleration grid (A2G), and grounded grid (GRG). The aperture diameter, gap length, and number of acceleration stages are the same as those of the accelerators for JT-60U N-NBI [22, 23] and the 400 keV negative ion source [24, 25] . The gap length is designed to be progressively shorter in the downstream stages to form converging electrostatic lenses at each grid aperture, and thereby suppress beam divergence due to the space charge effect.
Calculation of electric field
To calculate the electric field in the extractor and accelerator, Laplace's equation is solved using a finite difference method with successive over-relaxation. 1) The extractor and accelerator are modeled to be rotationally symmetric. The r-axis is taken to be the direction of the beam radius, whereas the z-axis is taken to be the direction of beam acceleration.
2) The mesh sizes are 0.025, 0.05, 0.1, and 0.2 mm. The minimum mesh size of 0.025 mm is approximately the Debye length λ D in the extraction region of the negative ion source. The Debye length λ D can be estimated as follows: at an arc power of 10 kW, the ion saturation current in the extraction region is approximately 200 A/m 2 [26, 27] . Assuming that the electron temperature T e is 1 eV, and the ratio of the electron density to the ion density is 0.9 [28] Therefore, λ D is estimated to be 0.017 mm.
3) The entrance of the PG is set to be z = 0 mm. The position where the negative ion beamlet profiles was measured, as in Refs. [6, 7] , corresponds to z = 1214 mm in the present model. Modeling to this position incurs high calculation costs. Since an electric field generally penetrates into the field-free region by a distance of the diameter of an aperture (at most), the calculation region is modeled up to z = 270 mm, i.e., 16 mm downstream from the GRG exit. The regions of z > 270 mm are assumed to be field-free (E = 0). 4) The plasma-ion boundary is equivalent to an object plane z = z o . Except for the electrodes, the mesh regions of z ≤ z o − dh are assumed to be the plasma region, and the electrostatic potential is set to be zero. 5) The shape of the plasma-beam boundary will result in the aberrations because the plasma-beam boundary has a lens effect [29] . In the present model, the plasma-beam boundary is assumed to be flat. Thus, aberrations caused by the shape of the plasma-beam boundary are not considered. An example of equipotentials in the extractor is shown in Fig. 2 . 6) In the experiment, the GRG is grounded [6, 7] : however, the PG is grounded in the present model. The grid voltages are modeled to be optically optimized at a beam energy 007-2 
Calculation of ion beamlet trajectory
The paraxial ray equation of the negative ion beamlet is given by [15] 
where φ is an electrostatic potential, and ρ is the space charge density for the H − ion beamlet. In Eq. (1), primes signify differentiation with respect to z. The paraxial ray equation is solved using the fourth-order Runge-Kutta method.
The two fundamental solutions of Eq. (1) are given as g = g(z) (g-trajectory) and h = h(z) (h-trajectory) with the following initial conditions at the object plane z = z o :
The solution of the paraxial ray Eq. (1) is given by
where A 1 and A 2 are the constants. In general, the optical properties of the electrostatic lenses can be evaluated from the g-trajectory and htrajectory (see Fig. 3 ):
• The position of an image plane z = z i is estimated from h(
• Focal length f i is given by
.
• The position of a focal plane z = z F i is given by z
Moreover, the aberration due the electrostatic lenses and the space charge effect can be estimated with the two fundamental solutions, as will be shown in the next section.
Estimation of aberration due to the electrostatic lenses
The aberration of the electrostatic lenses is calculated using the eikonal method, which is conventionally used in electron optics [17] [18] [19] [20] [21] . As the high order derivatives such as φ (3) and φ (4) cause inaccuracies in numerical integration, these high order derivatives are excluded using Seaman's procedure [30] [31] [32] .
The space charge effect is not taken into account in the following.
Geometrical aberration
From the eikonal method (see Appendix), the geometrical aberration u 3 (z i ) referred to the object side is given as
In Eq. (4), the aberration is expressed in terms of the beam trajectory and beam divergence angle at the object plane, i.e., u G ( 
In terms of g(z) and h(z), the aberration coefficients of C
d are given as follows:
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where
On the other hand, the geometrical aberration u 3 (z i ) referred to the image side is given as
In this case, the aberrations are expressed in terms of the beam trajectory and beam divergence angle at the image plane, i.e., u G (z i ) = u i , u G (z i ) = u i . Moreover,ū i andū i are the complex conjugates of u i and u i , respectively. The relation between the aberration coefficients in Eqs. (4) and (7) is given by
In Eq. (8), f o is the focal length on the object side.
Chromatic aberration
From the eikonal method, the chromatic aberration u c (z i ) referred to the object side is given as
where eΔφ is the deviation of initial kinetic energy. In Eq. (10), C
c and C
m are the coefficients of an axial chromatic aberration and chromatic aberration of magnification, respectively. These coefficients are given as
On the other hand, the chromatic aberration u c (z i ) referred to the image side is given as
These aberration coefficients C
m are given as
Aberration coefficients with length
The position where the negative ion beamlet profile is measured corresponds to the image plane. Thus, to compare the calculation results with the experimental results in Refs. [6, 7] , it is convenient to express the aberration in terms of the beam trajectory and beam divergence angle at the image plane. From Eqs. (7) and (12), the aberrations at the image plane can be given as
The aberration coefficients in Eq. (14) differ in their dimensions. Using s i , which is the distance between a principle plane z h i and the image plane z i , as shown in Fig. 3, 007-4 the aberration coefficients can be expressed as those with the dimension of length as follows:
c , c
In Eq. (15), θ i is an angle defined in Fig. 3 , andθ i is the complex conjugate of θ i . In Sec. 3, the aberration due to the electrostatic lenses is calculated using Eqs. (15) and (16).
Estimation of aberration due to the space charge effect
The geometrical aberration coefficients due to the space charge effect are given as follows [17] :
• a coefficient of spherical aberration
• a coefficient of coma
• a coefficient of stigmatism
• a coefficient of field curvature
• a coefficient of distortion
In Eqs. (17)- (21), ρ(z) is a space charge density for H − ion beamlet given by
where I is the total current, R(z) is the beamlet radius, and v z (z) is the velocity component parallel to the z-axis. The beamlet radius R(z) can be expressed by the relation
where R o and α o are the beamlet radius and incident angle at the object plane, respectively. These aberration coefficients are referred to the object side. Equation (8) transforms these aberration coefficients into the aberration coefficients referred to the image side.
Result and Discussion

Dependence of aberration coefficients on object planes
Before estimating the aberration due to the electrostatic lenses, the dependence of the aberration coefficients on the position of the object planes is investigated. The aberration coefficients referred to the object side C (o) (given by Eqs. (5) and (11)) are shown in Fig. 4 as a function of the object planes z o . On the other hand, the aberration coefficients referred to the image side C (i) (given by Eqs. (8) and (13) The reason C (o) and C (i) increase with z o can be qualitatively explained as follows: As z o is closer to the entrance of the PG (or the negative ion source), the negative ion beams are affected significantly by the penetrating field in the PG. The penetrating field causes the negative ion beams to converge to the beam axis. Therefore, the negative ion beams starting from the larger z o can pass the locations peripheral to the aperture, and then are more heavily influenced by the fringe field to aberration. This can be confirmed by comparing the h-trajectory for z o = 1.0 mm with that for z o = 4.5 mm, as shown in Fig. 6 .
Note that the h-trajectory starting from z o = 1.0 mm diverges after passing the location of z = z i . However, this diverging trajectory does not contribute to aberration because the integration of aberration coefficients is performed in the range from z = z o to z = z i (see Eqs. (5) and (11)).
The positions of the image planes z i are shown in Fig. 7 as a function of z o . As the position of object plane 007-5 given by Eqs. (5) and (11) z o becomes far from the entrance of the PG, the position of the image plane z i becomes far from the GRG exit. In Refs. [6, 7] , the negative ion beamlet profiles were measured about 1.0 m downstream of the GRG. This corresponds to z i = 1.25 m in the present model. From Fig. 7 , the value of z i = 1.25 m is obtained for z o = 3.8 mm.
Dependence of aberration coefficients on mesh size
The aberration coefficients with the dimension of length c (i) (given by Eqs. (15) and (16) given by Eqs. (8) and (13) The deviations of the geometrical aberration coefficients are evaluated to be within 66%. The chromatic aberration coefficients decrease in proportion to √ φ o . The chromatic aberration coefficients for dh = 0.2 mm are larger than those for dh = 0.025 mm by a factor of about 2.
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Contribution of electric field in the extractor/accelerator to the aberration coefficients
The contribution of the electric field at each z in the extractor/accelerator to the aberration coefficients is shown in Fig. 9 . The mesh size and position of the object plane are dh = 0.025 mm and z o = 4.0 mm, respectively. The vertical axis in Fig. 9 is defined such that the aberration coefficients referred to the object side at z in Eqs. (5) and (11) are normalized by those at the image plane z = z i . For example, the normalized spherical aberration coefficient is given as
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The normalized aberration coefficients vary largely from the PG to the vicinity of the exit of the EXG, whereas they are almost constant from the A1G to the GRG. This indicates that the electrostatic lenses in the extractor contribute dominantly to the aberration, and the contributions Fig. 9 Contribution of the electric field at each z in the extractor/accelerator to the aberration coefficients. The mesh size is dh = 0.025 mm. The vertical axis is defined such that the aberration coefficients referred to the object side at z are normalized by those at the image plane z = z i . from the electrostatic lenses in the accelerator are negligible. This is due to the difference in strength of the convergent electrostatic lenses. As the negative ion beam velocity is much smaller in the extractor than in the accelerator, the space charge effect is larger in the extractor than in the accelerator. Therefore, to suppress the space charge effect, the electrostatic lenses are stronger in the extractor than in the accelerator.
Comparison of electrostatic lens aberrations with negative ion beamlet profile
The aberration due to the electrostatic lenses are compared with the radii of the beam core and beam halo in Refs. [6, 7] . The aberrations for four cases of dh = 0.025 mm (φ o = 16 V), 0.05 mm (φ o = 32 V), 0.1 mm (φ o = 64 V), and 0.2 mm (φ o = 128 V) are estimated from the aberration coefficients in Fig. 8 .
The overall aberration at the image plane is given as
In the above equation, u i andū i correspond to the beam divergence angle of the beam core at z = z i . This divergence angle of negative ion beamlet is taken to be 5 mrad. From Table 2 . In Refs. [6, 7] , the measured 1/e radii for the beam core and halo are 5.8 mm (beam divergence angle: 6 mrad) and 11.5 mm (beam divergence angle: 12 mrad), respectively. Each geometrical aberration is the same order as the radius of the beam halo. However, the geometrical aberrations have positive or negative signs, and thereby cancel each other. The total geometrical aberrations are less than 1 mm. Thus, the total geometrical aberrations are much smaller than the radii of the beam core and halo.
The chromatic aberrations are shown in Fig. 10 as a function of the deviation of the initial kinetic energy eΔφ. The wide range of eΔφ, from 0.001 to 100 eV, was surveyed. The chromatic aberrations increase linearly with 007-8 eΔφ. Below eΔφ ≤ 100 eV, the chromatic aberrations are less than 2 mm, and negligible compared with the radii of the beam core and halo.
Geometrical aberrations due to space charge effect
The geometrical aberrations due to the space charge effect are summarized in Table 3 Tables 2 and 3 show that the geometrical aberrations increase drastically due to the space charge effect. The total aberrations due to the space charge effect range from 10 5 to 10 6 mm of order of magnitude, and are much larger than the radii of the beam core and halo. In reality, H − beamlets with such large radii impinge on the grids in the extractor and accelerator. Therefore, in taking account of the aperture radii of the grids, the geometrical aberration is considered to be less than the estimated values in Table 3 . However, the results indicate that the space charge effect is an important factor for aberrations or halo in a negative ion accelerator.
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Summary
The aberrations of the negative ion source/accelerator for neutral beam injector were theoretically estimated. The aberrations are considered to be caused by the electrostatic lenses, magnetic lenses, space charge effect, and shape of the beam-plasma boundary. In this study, the aberrations due to the electrostatic lenses and the space charge effect were investigated, and compared with the radii of the beam core and halo obtained in the H − beamlet profile measurements with the 400 keV negative ion accelerator. From this measurement, the 1/e radii of the beam core and beam halo were evaluated to be 5.8 and 11.5 mm, respectively. In the present calculation, the beam energy was taken to be 406 keV, and the electrostatic lenses were similar to those of the 400 keV negative ion accelerator. The aberration coefficients were numerically calculated using the eikonal method, which is conventionally used in electron optics. The calculation results are summarized as follows:
1) The electrostatic lenses in the extractor dominantly contribute to the aberration coefficients. 2) Based on the assumption that the divergence angle of the beam core is 5 mrad, the aberration due to the electrostatic lenses is less than a few millimeters, i.e., less than the radii of the beam core and halo. Therefore, the aberration due to the electrostatic lenses in the extractor/accelerator is not the reason for the beam halo. 3) With a negative current density of 10 mA/cm 2 , the geometrical aberrations due to the space charge are estimated to be from 10 5 to 10 6 mm of order of magnitude. Unlike the aberration from the electrostatic lenses, the geometrical aberration due to the space charge is much larger than the radii of the beam core and beam halo. Although the aperture radii of the grids are not taken into account in this estimation, the results indicate that the space charge effect is an important factor in the aberration or beam halo in the negative ion accelerator.
Appendix. Eikonal Method
Let us consider the motion of a charged particle with an electric charge e and mass m. In the eikonal method, the variational function F satisfies 
In Eq. (A2), c is the velocity of light. In the absence of a magnetic field, the magnetic vector potential is zero, i.e., A x = A y = A z = 0. In the non-relativistic approximation, ε is zero. Consider an optical system without a magnetic field, and the non-relativistic case. Moreover, the space charge effect is not taken into account. The characteristic function F can be expanded as follows:
F 0 = φ,
In Eq. (A5), F 2 corresponds to the paraxial ray and F 4 corresponds to the aberration. When we neglect the aberration term F 4 , Eq. (A3-1) is given as d dz
By substituting Eq. (A5) into (A6), we obtain
Equation (A7) is the paraxial equation, and the solution corresponds to the paraxial ray u G .
In estimating the aberration, we should take F 4 into account for Eq. (A3-1):
Equation (A8) can be written as d dz
The solution of Eq. (A9) will be written as u = u G +u 3 , where u G and u 3 are the paraxial ray u G and geometrical aberration, respectively. Note that u 3 is the third order term. By substituting u = u G + u 3 into the left side, we obtain d dz
